O NN

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-636

PRELTMINARY PERFORMANCE ANALYSIS OF AIR LAUNCHING
MANNED ORBITAL VEHICLES*

By Donald R. Bellman and Harold P. Washington

SUMMARY

A preliminary performance analysis was made to determine the
capability of large subsonic and supersonic bombers for air launching
manned hypersonic and satellite vehicles. The bombers considered now
exist or are being developed in the United States. Four booster
configurations were used in the calculations, with a winged vehicle of
the Dyna-Soar type as the payload. Comparisons were made on the basis
of vacuum specific impulse, burnout velocity, ratio of payload weight
to launch-package gross weight, and structural weight.

The study showed that booster packages weighing no more than
200,000 pounds are capable of accelerating a 10,000-pound winged
vehicle to orbital velocity after being launched eastward from a
subsonic bomber, if a vacuum specific impulse of about 335 seconds can
be achieved in the booster engines.

It was also found that a l-percent variation in vacuum specific
impulse from a nominal value of 320 seconds results in approximately a
l-percent variation in burnout velocity; whereas, an increase to
6 percent in the ratio of payload weight to launch-package gross weight
from a nominal value of 5 percent decreases the burnout velocity by
1,400 feet per second.

It was determined also that the high drag of the booster package
required to fit the supersonic-launch airplane offsets the performance
advantage of launching supersonically rather than subsonically.
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INTRODUCTION

The use of winged recoverable vehicles propelled by efficient air-
breathing engines as first-stage boosters for hypersonic and satellite
vehicles has considerable merit, ranging from reduced booster cost when
a large number cf launches are to be made to increased operational
versatility. The use of this technique for launching upper-atmosphere
sounding rockets has been frequently advocated. A discussion of the
technique is presented in references 1 and 2. Launching a body into an
earth orbit by such means was proposed in 1956 by A. C. Robotti, who
based his calculations on an F-102 airplane (ref. 3). Air launching is
also the objective of the more recent Project Caleb, conducted by the
U. S. Navy, in which F4D and FLH airplanes are used (ref. L).

For many years the air-launching technique was used to launch the
X-1, X-2, and D-558-I1 aircraft and is now being used with the X-15
research airplanes. The resultant gains in performance and operational
safety have been appreciable. To alr-launch manned satellite vehicles,
however, will require much greater launch-package weight. Some analysts
have proposed the construction of large, specially built airplanes
propelled by turbojet and ram-jet engines for boosting satellite vehicles
of such size that they could be manned (refs. 5 and 6). Because of the
enormous cost and the time that would be required to develop such air-
planes, it 1s believed expedient to explore the capabilities of the
larger bombers that now exist or are being developed in the United
States. Presented in this paper are the results of a preliminary
analytical study of the performance of satellite vehicles launched from
two of these bombers. Similar studies have also been made by other
investigators (ref. 7, for example).

In the investigaticn, most of the launches were made at a high
subsonic Mach number; however, to show the effect of launch speed and
altitude a few launches were made at a Mach number of 3. Altitudes
were chosen that were appropriate to the speed and type of airplane
being considered. Launch-package weights ranged up to 200,000 pounds
using four different booster configurations. Although a payload weight
of 10,000 pounds was used for most of the calculations, lighter and
heavier weights were also investigated.

The launch airplanes imposed limitations on the selection of
propellants for the booster engines. The gross-welght take-off limit
precluded the use of solid propellants because their lower vacuum
specific impulse made the weight requirement too high. The use of
cryogenic propellants which require additional propellant and tanks
within the launch airplane for top-off purposes was also excluded

because of weight restrictions. Liquigd hydroWd
because of volume requirements. The study, t use
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of nitrogen tetroxide and mixed hydrazine fuel as the propellant. A
range of vacuum specific impulse from 300 seconds to 340 seconds was
chosen in order to cover the practical values of this propellant combi-
nation and to show the effect of vacuum specific impulse on vehicle
performance.

Calif.

Calculations were made at the NASA Flight Research Center, Edwards,
An IBM 650 digital computer was used with a program that

considered the curvature of the earth, but not the earth's rotation.

SYMBOLS

longitudinal acceleration, g units

drag coefficient, based on a reference area of 330 sq ft
lift-coefficient variation with angle of attack

drag, 1lb

thrust, 1b

local acceleration of gravity, ft/sec®

centripetal acceleration, ft/sec2

altitude, ft

rate of change of altitude with time, ft/sec
vacuum specific impulse, sec

1ift, 1b

Mach number

ambient pressure, 1lb/sq ft

dynamic pressure, 1b/sq ft

radius of the earth, ft

total wing area, sq ft

time, sec
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v velocity, ft/sec 5
v rate of change of velocity with time, ft/sec2
AV incremental change in velocity, ft/sec
W vehicle weight, 1b
x angle of attack, deg
y flight-path angle, deg
& rate of change of flight-path angle with time, deg/sec
0 atmospheric density, slugs/cu ft
Subscripts:
0 sea-level condition
bo burnout
vac vacuum
CONFIGURATICNS

If a launch vehicle-booster-payload package, utilizing a prescribed.

payload and an existing bomber, is to be compatible, various modifi -
cations to the bomber will be necessary and the booster must be designed
to it both the bomber and the payload. With launch-package weights
approaching those of the launch vehicle, positioning of the center of
gravity is very important, and, because the payload will be manned,
access to the cockpit is highly desirable. These factors have been
considered in this study. An artist's conception of a subsonic bomber
carrying one of the payload-booster combinations is shown in figure 1.

Payload

The payload used in this study was a winged vehicle of the Dyna-
Soar type, having an assumed wing area of 330 square feet. A lifting
payload was selected because it represented the more difficult booster-
design problem. A nonlifting payload would have slightly greater
performance capability because of reduced drag and increased propellant
mass ratio as a result of less demanding stabilizing-fin requirements.
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For most of the calculations & payload weighing 10,000 pounds was
used. A few calculations were made using 5,000-pound and 15,000-pound
payloads to determine the effect of payload weight.

Boosters

The four basic booster configurations used to perform the calcu-
lations are designated as types A, B, C, and D, Variations of the
boosters are indicated by numerical subscripts, for example Ay. Phys-
ical data on the boosters are presented in table I. Each booster was
equipped with sufficient fin area to make the booster-payload combi-
nation neutrally stable at launch. All of the fins were considered
fixed, since it was assumed that a jet attitude-control system was in
operation at launch.

A drawing of the type A boosters with fins attached is shown in
figure 2. These boosters were assumed to be single stage and to have
three simultaneously firing rocket engines of 100,000 pounds vacuum
thrust each.

The type B boosters were of the two-stage tandem type, as shown in
figure 3. These boosters used three engines, two during the first
stage and the remaining one for second-stage operation. Each of the
three engines produced a vacuum thrust of 150,000 pounds.

Figure 4 and figure 5 show the type C and type D booster configu-
rations, respectively. These configurations were also equipped with
fins to make the vehicle neutrally stable at launch. Both configu-
rations used three engines, two during the first-stage operation and
the remaining one for second-stage operation. Each engine of both
configurations produced a vacuum thrust of 150,000 pounds. Placement
of the payload differed between the type C and type D configuration.
For the type C configuration, the payload was placed ahead of the
cluster of boosters; for the type D configuration, the payload was
placed on top of the booster cluster.

Because of the specific configurations of the launch alrplanes
selected, the A, B, and C types would be most suitable for the subsonic-
launch airplane and the D type for the supersonic-launch airplane. It
would be possible, however, to devise a D-type configuration that could
be used with both launch alrplanes. This design would increase versa-
tility for a single-booster development, but decrease the performance
capabilities from the subsonic launch,.

Booster volumes were based on the use of nitrogen tetroxide and
mixed hydrazine fuel as the propellant. This combination has an average
density of 75 pounds per cubic foot. For most of the calculations, the




basic booster structure was assumed to be 4 percent of the combined
weight of the structure and the fuel. In a few instances, values of

2 percent and 8 percent were used. The fins were assumed to weigh an
additional 6 pounds per square foot. The 100,000-pound-thrust and
150,000-pound -thrust engines were assumed to weigh 1,250 pounds and
1,900 pounds, respectively. The chosen propellant combination has a
theoretical vacuum specific impulse of about 330 seconds, with a

40 to 1 expansion nozzle. In the calculations, vacuum specific-impulse
values of 300 seconds, 320 seconds, and 340 seconds were used to show
the effect of the variable on performance.

Carrier Airplanes

None of the proposed launch packages will fit completely in the
bomb bay of either the subsonic or the supersonic carrier airplane being
considered. However, for this study the packages are designed so that
required modifications to the carrier airplanes would involve only the
landing gear and nonstructural components of the fuselage and, possibly,
strengthening of the attach points.

For most of the launch-package configurations, the landing gear of
the subsonic-launch airplane would have to be extended and the tread
widened, which would make it impractical to retract the landing gear in
flight. In the computations the launch speed and altitude were reduced
from the normal cruise conditions to account for the increased drag
caused by the launch package and the extended landing gear.

It was assumed that the supersonic-launch airplane would have
sufficient excess power to compensate for the added drag of the launch
package, but streamlined fairings would have to be added.

COMPUTATION METHCD

The trajectories used for this preliminary analytical study were
calculated on an IBM 650 digital computer by using the Runge-Kutta
method of numerical integration. The equations of motion solved
assumed a nonrotating spherical earth. The two-dimensional equations
of motion then are
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P
F= Fvac = (Fvac - Fo) §8

During the numerical-integration process, the required values of
pressure and density were obtained from a series of curve fits for the
ARDC model atmosphere (ref. 8). Each condition was computed by using
an integration interval of 2 seconds from launch to burnout.

Presented in figures 6(a) to 6(d) are plots of the aerodynamic-
drag coefficients used in the calculations for the various configu-
rations. The elements which made up these drag coefficients were based
on wind-tunnel results from reference 9 and a compilation of empirical
results from reference 10.

Values of CLa used for the four launch-package configurations

were calculated from theory for configurations similar to those used in

this paper. For configuraticns A, B, C, and D, the values of CLa
used were, respectively, 0.0556 deg ~, 0.04kL9 deg'l, 0.0274 deg=1, and

0.0375 deg'l. These values were based on the total lifting-surface
area (see table I) and were assumed constant throughout the Mach
number range.
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TRAJE CTORIES AND STAGING

For the purposes of the calculations, it was assumed that each
configuration was launched into a horizontal flight path with the
simultaneous ignition of the first-stage booster engines and with an
angle of attack of 15°. This angle of attack was held constant for a
specified time, then a zero-g trajectory was induced and held until
burnout. The time to change angle of attack was considered negligible.
The time spent at an angle of attack of 15° was adjusted to obtain
various flight-path angles at burnout of the last stage. The ideal
burnout point would be when the flight-path angle is zero and the alti-
tude and velocity are those required for equilibrium glide.

On the vehicles launched subsonically, the fins were dropped at the

end of the pull-up. Fins were retained until the first-stage burnout
on vehicles launched supersonically, since first-stage burnout occurred
soon after the end of the pull-up.

At first-stage burnout, the first-stage boosters were immediately
separated from the vehicle, and the second-stage booster ignited imme-
diately and remained with the payload for the remainder of the trajec-
tory. For the subsonically launched vehicles, staging occurred at
dynamic pressures of 50 pounds per square foot, or less. TFor the
supersonically launched vehicles, staging occurred at lower dynamic
Pressures.

Figures 7(a) and 7(b) show trajectories for typical subsonic and
supersonic launches. Flight-path angle, velocity, dynamic pressure,
altitude, and longitudinal acceleration are plotted against time.

RESULTS

Results of the various computations are presented in table II and
in figure 8. The table shows the interpolated values at which a hori-
zontal flight-path angle coincides with burnout, rather than the exact
points of the computations. In actual flight, it would be necessary
for burnout to occur when the vehicle altitude is near the equilibrium
reentry path and also when the flight path is within 1° or 2° of
horizontal. As can be seen in figures 8(a) to 8(h), these conditions
are not always compatible. However, adjustments of the booster-thrust
programing and the initial flight-path angle can often produce the
desired results. Because of the preliminary nature of this investi-
gation, only flight-path-angle variations were made. No attempt was
made to adjust booster-thrust programing.
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Orbital velocity 1s achieved when the relative velocity is about
24,600 feet per second, assuming an eastward launch from the latitudes
of the southern part of the United States. The study showed that a
10,000-pound payload could reach this orbital velocity from the subsonic-
launch condition by means of booster configurations B and Cs (figs. 8(c)
and 8(e)). However, vacuum specific-impulse values of about 335 seconds
would be required. The supersonic-launch condition reduces the required
vacuum specific impulse to 305 and 301 seconds for B and Co booster
configurations, respectively (figs. 8(d) and 8(f)). It also permits the
use of booster configuration D, but, again, a vacuum specific impulse of
335 seconds is required (fig. 8(h)). Thus, it is apparent that the
advantange of the supersonic launch can be lost if it is necessary to
use a high-drag configuration such as type D.

Although not as significant as orbital velocity, a velocity of
20,000 feet per second is a valuable research goal. A vehicle attaining
speeds in this range can experience the maximum heating rates of a
reentering orbital vehicle. Figure 8(b) shows that such a velocity can
be attained with a single-stage 150,000-pound booster package, with a
vacuum specific impulse of less than 340 seconds, launched subsonically.
To avold duplication of booster-development effort, a practical plan
might be to construct a type C booster which initially will attain
velocities in excess of 20,000 feet per second, but not orbital speed.
Engine and structural improvements or, possibly, a switch to a super-
sonic launch would permit future attainment of orbital speeds.

The various booster configurations are compared on the basis of
vacuum specific impulse and burnout velocity in figure 9(a) for the
subsonic launch and in figure 9(b) for the supersonic launch. These
data are combined in figure 10, which shows the incremental velocity
resulting from deviations in vacuum specific impulse from a value of
320 seconds. A l-percent increase in vacuum specific impulse results
in about a l-percent increase in burnout velocity; therefore, a
l-second change in vacuum specific impulse results in a change of about
TO feet per second in burnout velocity.

For a subsonic launch, burnout velocities of various payload
weights with a type C booster are shown in figure 11. The effect on
burnout velocity of variations in the ratio of payload weight to gross
welght was investigated for the configuration C booster both by varying
the payload weight with a constant gross weight and by varying the gross
weight for a constant payload weight. The results are compatible, as
shown in figure 12. Changing the payload weight by 1 percent of the
launch-package gross weight from the nominal value of 5 percent affects
the maximum velocity inversely by 1,400 feet per second for the type C
booster launched subsonically.




For most of the computations, the structural weight was 4 percent
of the combined fuel and structure weight. For the type A booster
configuration, values of 2 percent and 4 percent were used; for the
type C booster, values of U4 percent and 8 percent were used. The effect
of the variations is shown in figure 13. Decreasing the ratio of
structural weight to fuel-plus-structure weight from 4 percent to
3 percent increases the burnout velocity by 750 feet per second. In-
creasing this ratio from L4 percent to 5 percent will decrease the burn-
out velocity by 550 feet per second for the cases considered.

CONCLUSIONS

O NN

From a preliminary performance analysis of the use of large bomber
airplanes to air launch manned hypersonic and satellite vehicles, it is '
concluded that:

1. Booster packages weighing no more than 200,000 pounds are .
capable of accelerating a 10,000-pound winged vehicle to orbital
velocity after being launched eastward from a subsonic bomber, if a
vacuum specific impulse of about 335 seconds can be achieved in the
booster engines.

2. For most of the booster configurations studied, a deviation of
1 percent in vacuum specific impulse from a nominal value of 320 seconds
results in about a l-percent variation in burnout velocity.

3. Increasing the ratio of payload welght to launch-package gross
weight to 6 percent from a nominal value of 5 percent decreases the
burnout velocity by 1,400 feet per second for the type C booster
launched subsonically.

4. Configuration requirements imposed on the booster package by
the launch airplane are an important consideration. In this study the
high drag of the booster package required to fit the supersonic-launch
airplane offsets the performance advantages of launching supersonically
rather than subsonically.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., October 9, 1961.
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